Following DNA damage, p53 translocates to the cytoplasm and mitochondria, where it triggers transcription-independent apoptosis by binding to Bcl-2 family proteins. However, little is known about how this exonuclear function of p53 is regulated. Here, we identify and characterize a p53-interacting protein called Hades, an E3 ligase that interacts with p53 in the mitochondria. Hades reduces p53 stability via a mechanism that requires its RING-finger domain with ubiquitin ligase activity. Hades polyubiquitinates p53 in vitro independent of Mdm2 and targets a critical lysine residue in p53 (lysine 24) distinct from those targeted by Mdm2. Hades inhibits a p53-dependent mitochondrial cell death pathway by inhibiting p53 and Bcl-2 interactions. These findings show that Hades-mediated p53 ubiquitination is a novel mechanism for negatively regulating the exonuclear function of p53.
The tumour suppressor p53 acts as a central switch for inducing apoptosis and cell cycle arrest in response to a variety of cellular signals, including DNA damage and hypoxia. The functions of p53 in the nucleus are known to have a crucial role in cellular homeostasis and organism survival. [1] [2] [3] [4] In addition to these, p53 is involved in transcription-independent mechanisms outside the nucleus, collectively known as the exonuclear functions of p53. 5 Several lines of evidence support such a role of p53, including p53-dependent cell death in the absence of protein synthesis and gene transcription, 6 as well as potent induction of apoptosis by a transcriptionally defective p53 mutant. 7, 8 In addition, activation of cytoplasmic p53 in cell-free system induces release of mitochondrial cytochrome C. 9 In response to DNA damage, p53 translocates to the cytoplasm and mitochondria, 10 and binds cytoplasmic Bcl-xl and Bad 11 to inhibit the interaction between pro-apoptotic and anti-apoptotic Bcl-2 proteins, leading to oligomerization of pro-apoptotic Bcl-2 proteins. [12] [13] [14] The mechanisms underlying regulation of cytoplasmic p53 and its exonuclear function have been only partially elucidated. Ubiquitination of p53 is thought to regulate its localization as well as its exonuclear function. 15, 16 Upon ubiquitination, p53 cannot bind Bax. 17 However, deubiquitination of p53 by the ubiquitin-specific protease HAUSP allows p53 to bind to BH3-domain proteins and increases mitochondrial permeability and cell death. 17 Thus, p53 ubiquitination inhibits the interaction between p53 and Bcl-2 protein. Together, these observations suggest that ubiquitination has a central role in the exonuclear function and nucleo-cytoplasmic shuttling of p53, as well as in proteasomal degradation. Despite this, the mechanisms that regulate the exonuclear role of p53 remain incompletely understood. Here, we describe a novel ubiquitin-dependent mechanism for regulating the exonuclear role of p53.
Results
Hades is a p53-binding protein. To identify proteins that bind p53, we prepared a human full-length cDNA library derived from HeLa and liver Chang cells. The in vitro transcribed and translated protein pool from the cDNA library was screened for p53-binding proteins using modified SMART technology (Supplementary Figure 1a) . After identifying the potential p53-interacting proteins in the protein pool (e.g. pool no. D5 in Figure 1a ), the corresponding cDNA pool was progressively subdivided and re-examined in the same manner until a single positive cDNA clone was isolated. Among the isolates, one clone was identified for a major p53-binding partner. This protein, which we have named Hades, contains several predicted functional domains: a transmembrane (TM) domain or a signal peptide at the N-terminus, a second TM domain in the middle of the protein, and a RING-finger domain (i.e. the signature E3 ligase domain) at the C-terminus (Figure 1b ). Confocal Figure 1 Hades binds p53 in vitro and in vivo. (a) Screening for GST-p53 binding proteins among in vitro translated, 35 S-labelled proteins derived from a cDNA library. Bound proteins were detected using autoradiography. The positive protein pool, no. D5, was progressively subdivided until a single positive cDNA clone (Hades) was isolated. Input was 10% of total protein in the binding reaction. S-labelled p53 interacted with GST-Hades (left panel). In vitro translated, 35 S-labelled Hades interacted with GST-p53 (right panel). (e) The N-terminal region of p53 interacts with Hades. An in vitro translated, 35 S-labelled N-terminal (aa 1-186) or C-terminal (aa 187-393) fragment of p53 was incubated with GSTHades, and bound proteins were detected by autoradiography. (f) Hades interacts with p53 in vivo. p53 null H1299 cells were cotransfected with HA-p53 and GFP-Hades expression plasmids. At 24 h after transfection, anti-GFP or anti-HA immunoprecipitates were subjected to immunoblotting using anti-HA or anti-GFP antibody. (g) Hades is colocalized with p53. U2OS cells were transfected with GFP-Hades expression plasmids and, 24 h later, incubated in the presence (lower panel) of MG132 (10 mM) for 4 h. Cells were then fixed, successively probed with p53 antibody and Texas Red-conjugated secondary antibody, and visualized by confocal microscopy. The scale bar represents 10 mm. Statistical results are the average of three independent experiments with 600 cells scored (bottom panel). Error bars represent the means (S.E.M.) of at least three independent experiments microscopy revealed that Hades was localized distinctly in the mitochondria (Figure 1c) .
Next, we verified that Hades is a bona fide p53-interacting protein in vitro and in vivo. Pull-down assays revealed that GST-p53 interacted with in vitro translated Hades and GSTHades interacted with in vitro translated p53 (Figure 1d ). To identify the binding site between p53 and Hades, we performed in vitro binding assays using deletion mutants of p53. GST-N-p53 (aa 1-186), in which the C-terminal half of p53 was deleted, associated with immobilized GST-Hades, whereas GST-C-p53 (aa 187-393), in which the N-terminal half of p53 was absent, did not (Figure 1e, lane 6) . Binding assays using cell lysates and immobilized Hades demonstrated that endogenous p53 was bound to GST-Hades (Supplementary Figure 1b) . The in vivo interaction between Hades and p53 was also detected by coimmunoprecipitation. That is, p53 coimmunoprecipitated with ectopically expressed GFP-Hades in H1299 cells (Figure 1f ). Moreover, interaction between endogenous p53 and Hades was still detected in MG132-treated normal breast MCF10A and normal human lung fibroblast (NHLF) cells (Supplementary Figure 1c) . We examined the subcellular distribution of Hades and p53 using confocal microscopy. Endogenous p53 was mainly observed in the nucleus of MG132-treated, Hades-non-transfected U2OS cells (data not shown). However, p53 was colocalized with Hades outside of the nucleus, as shown in a merged image (Figure 1g) . Quantitation of these results demonstrated that more than 30% of cells were analyzed by the colocalization of p53 and Hades (Figure 1g bottom) . Also, colocalization of ectopically expressed p53 and Hades was determined in U2OS cells (Supplementary Figure 1d) . Collectively, our data reveal that Hades interacts with p53 both in vitro and in vivo.
Hades reduces the level of p53 through its RING-finger domain with ubiquitin ligase activity. To investigate the possible regulation of p53 by Hades, we determined the effect of Hades on endogenous p53 level in U2OS cells. As shown in Figure 2a , ectopically expressed Hades reduced the p53 level in a dose-dependent manner. This decrease in p53 was also observed in immortalized breast epithelial cells (MCF10A) and normal human lung fibroblast (NHLF) cells (Supplementary Figure 2a) .
We next investigated whether the E3 ligase activity of Hades is involved in mediating this reduction in p53. Thus, an E3 ligase-defective Hades mutant was generated by sitedirected mutagenesis at specific residues (C302S/C305S) in the RING-finger domain that are critical for E3 ligase activity (Supplementary Figure 2b) . 18 Unlike wild-type Hades, the mutant Hades on RING-finger domain failed to reduce the cellular p53 level and Hades function (Supplementary Figure 2c) . To gain a more detailed insight into the function of Hades in p53 downregulation, we investigated whether the proteasomal degradation pathway participates in the regulation of p53 stability by Hades. Indeed, we found that exposure of H1299 cells to MG132 restored the p53 levels in the presence of Hades (Figure 2b ). Using two different Hades shRNAs, we confirmed that p53 was stabilized by silencing of Hades (Figure 2c) . A kinetic analysis of the p53 stabilization induced by Hades silencing in cells treated with cycloheximide (CHX) revealed that the half-life of p53 protein was greater in Hades shRNA-treated cells than in control shRNA-treated cells ( Figure 2d ). As p53 and Hades colocalized outside of the nucleus (Figure 1g ), we further examined whether cytoplasmic localization of p53 is important for the reduction of p53 level by Hades. Treatment with the Crm1 inhibitor leptomycin B (LMB), which blocks nuclear export, restored the level of p53 (Figure 2e ). Furthermore, we used a p53 expression plasmid encoding a mutant form of p53 (p53 C153Y) that is localized mainly to the cytoplasm but not to the nucleus. 19 Ectopically expressed Hades reduced p53 more effectively in p53 C153Y-expressing H1299 cells than in wild-type p53-expressing H1299 cells (Figure 2f ). Together, these data indicate that Hades downregulates cytoplasmic p53 through a ubiquitin-dependent degradation pathway.
Hades promotes polyubiquitination of p53. Next, we investigated whether Hades is directly responsible for p53 ubiquitination. Autoubiquitination assay showed that both immobilized full-length (lane 2, GST-Hades) and a RINGfinger domain (aa 271-351) (lane 4, GST-Hades Ring protein (RP)) exhibited autoubiquitination, whereas the RING mutant peptide (lane 6 C302S/C305S; GST-Hades RP MT) did not (Supplementary Figure 2b) . We then conducted in vitro ubiquitination assays using GST-Hades RP, which was found to interact with p53 protein (Supplementary Figure 3a) . We attempted to identify the E2 enzyme that is responsible for the ubiquitination of p53 by Hades, as several E2-conjugating enzymes participate in ubiquitin-mediated degradation. 20 In vitro translated, 35 S-labelled p53 was incubated with GST or GST-Hades RP in the presence of ATP, purified His-tagged ubiquitin, E1, and one of several E2 enzymes (Figure 3a) . Our data demonstrated that the 35 S-labelled p53 was polyubiquitinated in the presence of UbcH5a or UbcH5c (lanes 5 and 7). As UbcH5c is usually responsible for general ubiquitin-mediated degradation as well as Mdm2-mediated p53 ubiquitination (Supplementary Figure 3b) , we used UbcH5c in further in vitro ubiquitination assays. To confirm a direct role for Hades in p53 ubiquitination, we performed in vitro ubiquitination assay of Escherichia coli-derived recombinant p53 (Supplementary Figure 3c ). This experiment verified the involvement of Hades in p53 ubiquitination in vitro in the presence of E1, E2 (UbcH5c) and ubiquitin. Moreover, in vivo ubiquitination assays performed with GFP-Hades and GFPHades MT in H1299 cells (Figure 3b ) showed that polyubiquitinated p53 was detected only in MG132-treated Hades-transfected cells.
We tested whether the mechanism of p53 ubiquitination by Hades differed from that of ubiquitination by Mdm2. Plasmids expressing p53 and GFP-Hades or GFP-Hades MT were transfected in MEF cells lacking both p53 and Mdm2 (MEF p53 À/À mdm2 À/À cells). We found reduced p53 level in the presence of GFP-Hades in MEF p53 À/À mdm2 À/À cells ( Figure 3c , lane 2). Moreover, in vitro ubiquitination assays demonstrated polyubiquitinated p53 in the presence of GST-Hades RP but not GST-Hades RT MT in MEF p53
À/À cells ( Figure 3d ). Altogether, these data reveal that Mdm2 is dispensable for ubiquitination of p53 by Hades. Furthermore, synergistic effects on p53 degradation were shown after transfection with Mdm2 and Hades (Supplementary Figure 3d ).
Previous reports indicated that six specific lysine residues in the C-terminus of p53 become ubiquitinated by Mdm2. 21 Therefore, we proceeded to identify which lysine residue is critical for Hades-mediated degradation of p53 ( Figure 3e ). Interestingly, the data suggest that none of these lysine residues are necessary for this process as Hades was still able to ubiquitinate a form of p53 in which all six lysines were mutated (6CKR) (Figure 3f ). Instead, a comparison of p53 mutants with substitutions at five or six of the N-terminal lysines (5NKR or 6NKR) showed that lysine-24 is a critical residue for stabilization of p53 by Hades (Figure 3f ). To examine whether the p53 degradation depends on Hadesinduced p53 ubiquitination, we performed in vitro ubiquitination assays with wild-type p53 and mutant p53 in which lysine 24 residue is substituted with arginine (mutant p53 K24R). As expected, mutant p53 K24R was efficiently ubiquitinated by Mdm2 but not by Hades (Figure 3g and Supplementary  Figure 3e ). These results support the hypothesis that Mdm2 is dispensable for Hades-mediated polyubiquitination of p53 and that the lysine 24 residue in p53 is critical for ubiquitindependent degradation.
Hades negatively regulates p53-dependent growth suppression. As E3 ligase activities that are necessary for p53 ubiquitination can also regulate p53 function, 22, 23 we explored the effect of Hades on p53-dependent growth suppression. First, we investigated whether Hades affects p53-mediated transcriptional activation using luciferase reporter assay ( Figure 4a ). H1299 cells were cotransfected with plasmids expressing p53, wild-type Hades or mutant Hades, and p53-luciferase reporter driven by p53 response element in the bax (Bax-luc) or puma promoters (Puma-luc). As shown in Figure 4a , p53-mediated transactivation was suppressed by Hades and was dependent on the ubiquitin ligase activity of this enzyme. Moreover, the expressions of endogenous p53 Figure 4a) . Moreover, Hades-mediated Figure 3 Hades promotes polyubiquitination of p53. (a) Hades ubiquitinates p53 in vitro. We incubated in vitro translated, 35 S-labelled p53 with GST-tagged Hades RING finger peptide (aa 271-351) (GST-Hades RP), ATP, His-ubiquitin, E1, and E2 enzymes. Reaction products were analyzed by autoradiography. GST and GST-Hades RP were measured as controls. (b) Hades ubiquitinates p53 in vivo. p53 null H1299 cells were cotransfected with plasmids for p53 (2 mg) and GFP-Hades or GFP-Hades MT (4 mg). At 24 h after transfection, cells were incubated with or without MG132 (10 mM) for 4 h. Anti-p53 immunoprecipitates were analyzed using anti-polyubiquitin antibody. GFPHades and p53 protein levels in whole-cell extracts were measured. (c) Mdm2 is dispensable for Hades-mediated p53 degradation. MEF p53 À/À mdm2 À/À cells were transfected with 1 mg of indicated plasmid. After 24 h, GFP and p53 levels were analyzed. (d) Hades ubiquitinates p53 in MEF p53
cells were transfected with plasmid for His-p53. At 24 h after transfection, cells were harvested and the lysates were incubated for 2 h with GST, GST-Hades RP, or GSTHades RP MT. p53 was pulled down with Ni þ -conjugated beads (left) or immunoprecipitated using anti-p53 antibody (right). Precipitated proteins were analyzed using antiubiquitin antibody. Ponceau S staining of GST, GST-Hades RP, and GST-Hades RP MT were measured as loading controls. (e) Schematic of p53 lysine mutants. 5NKR was mutated at five N-terminal lysine residues (aa 101, 120, 132, 139, and 164), 6NKR at six N-terminal lysine residues (aa 24, 101, 120, 132, 139, and 164), 6CKR at six C-terminal lysine residues (aa 370, 372, 373, 381, 382, and 386), and K24R at one N-terminal lysine residue (aa 24). (f) Hades ubiquitinates p53 at the N-terminal residue, lysine 24. In vitro ubiquitination was assessed using in vitro translated p53 and GST-Hades RP. Naïve proteins in reaction product were analyzed by immunoblotting using antip53 antibody. GST and GST-Hades RP were measured as controls. (g) Hades cannot ubiquitinate the p53 NK24R mutant. In vitro ubiquitination was assessed with in vitro translated, 35 S-labelled WT or N24KR mutant p53 and GST, GST-Hades RP, or GST-Hades RP MT. Reaction products were separated and analyzed by autoradiography. GST, GST-Hades RP, and RP mutant were measured as controls degradation of p53 was independent of its transactivation ability (Supplementary Figure 4b) .
As p53 accumulation leads to an inhibition of cell growth, 24 we investigated whether Hades regulates p53-dependent growth suppression using the MTS assay. Ectopically expressed Hades inhibited p53-mediated growth suppression in U2OS cells (Figure 4c ) and other various cell lines (Supplementary Figure 4c) . We confirmed that Hades inhibits p53-mediated growth suppression using colony-formation assays in H1299 cells (Supplementary Figure 4d) . Next, using the RNA interference system, we investigated whether Hades inhibits p53-dependent growth suppression. Wild-type p53-expressing HCT116 p53 þ / þ and p53 null HCT116 p53
À/À cells were transfected with plasmids expressing Hades-targeted shRNA, and colony formation was examined. The data demonstrate that Hades knockdown restored the p53-mediated growth suppression in HCT116 p53 þ / þ cells but not in HCT116 p53
À/À cells (Figure 4d ). We found that stable Hades knockdown MCF7 cells were more sensitive to p53-mediated growth suppression induced by several stresses than in control cells (Figure 4e ), thus supporting that p53 acts as a central switch to induce growth suppression in response to a variety of cellular signals. [1] [2] [3] Collectively, these data suggest that Hades negatively regulates p53-mediated growth suppression and functions as a negative regulator of p53, protecting cells from apoptosis under various stress conditions.
Hades regulates the exonuclear function of p53. Recent reports have indicated that p53 is distributed throughout the nucleus and cytoplasm under normal conditions. 25, 26 Our results showed that Hades is colocalized with p53 in the exonuclear region (Figure 1g ). This, taken with the fact that cytoplasmic and mitochondrial p53 triggers stress apoptosis by interacting with the bcl-2 family, 5 suggests that Hades interacts with p53 under certain conditions to control p53 function. Therefore, we investigated whether Hades regulates mitochondrial p53 by examining U2OS cells transfected with pEYFP-mito-p53, which encodes p53 coupled to the mitochondria-targeting signal (Figure 5a) . Interestingly, ectopically expressed Hades reduced the interaction between pEYFP-mito-p53 and Bcl-2, although the level of p53 is abundant enough as control cells in the þ / þ and HCT116 p53 À/À cells, as assessed by colony formation assays. Cells were cotransfected with 1 mg pSuper control plasmid or pSuper-Hades plasmid, further incubated in media containing G418 (500 mg/ml) for 14 days, and stained with crystal violet (0.05%). (e) Hades knockdown reduces cell viability under various stress conditions. Stable Hades-knockdown MCF7 cells (gray bar) and control MCF7 cells (black bar) were exposed to H 2 O 2 (10 mM), actinomycin D (1 mM), or doxorubicin (500 nM) for 24 h, and cell viability was measured using the MTS assay. Error bars represent the means (S.E.M.) of at least three independent experiments presence of MG132 (Figure 5b, lane 3) . Moreover, expression of the RING-finger domain-deleted mutant Hades did not affect the interaction between mitochondrial p53 and Bcl-2 ( Figure 5b, lane 4) . We also tested the effect of Hades on cell proliferation and found that colony formation was reduced by ectopically expressed Hades in pEYFPmito-p53-transfected H1299 cells (Supplementary Figure 5a) . Moreover, clonogenic growth inhibition by ectopically expressed mitochondria localizing mutant p53 (pEYFPmito-p53 (K24R)) was not attenuated by Hades in p53 Figure 5b) . These data suggest that Hades-mediated negative regulation of mitochondrial p53 by ubiquitination results in inhibition of p53 function.
double-knockout MEF cells (Supplementary
As p53 is rapidly translocated to the mitochondria upon camptothecin (CPT) treatment to carry out its exonuclear function, 11 we investigated whether Hades prevents the exonuclear function of p53 after CPT treatment. Total Figure 5 Hades regulates the exonuclear function of p53. (a) Confocal microscopic images of pEYFP-mito p53 localization in U2OS mitochondria at 24 h after transfection with mitotracker and pEYFP-mito p53. (b) Hades inhibits interaction between p53 and Bcl-2. HEK293 cells were cotransfected with expression plasmids for EYFP-mito-p53, Bcl-2, FLAG-Hades, and FLAG-Hades MT as indicated. The cell lysate was immunoprecipitated with anti-Bcl-2 antibody, then immunoblotted using anti-p53 antibody. (c) Hades attenuates camptothecin (CPT)-induced increases in p53. MCF7 cells were transfected with expression plasmid for GFP-Hades or GFP-Hades RING MT. At 24 h after transfection, cells were treated with CPT (1 or 5 mM (upper), 5 mM (lower)) for 6 h. The p53 protein level was analyzed by immunoblotting in whole-cell extracts (upper) and in nuclear and cytoplasmic fractions (lower). Anti-Lamin and anti-Tubulin antibodies were used as fractionation and loading controls, respectively. (d) Hades inhibits interaction between p53 and Bcl-2 in CPT-treated cells. MCF7 cells were transfected with expression plasmids for GFP-Hades or GFP-Hades MT for 24 h then further incubated with 1 mM CPT for 24 h. Anti-p53 immunoprecipitates were immunoblotted using anti-Bcl-2 and anti-p53 antibodies. (e) Stable Hades knockdown stimulates the interaction between Bcl-2 and p53 following 1 mM CPT treatment for 24 h in MCF7 cells. Immunoprecipitate complexes using anti-p53 antibody were subjected to immunoblotting as in (d) (upper). Whole-cell extracts were probed for p53, Hades, and Bcl-2 (center), whereas mitochondrial fractions were probed for cytochrome c (lower). (f) Hades ablation increases apoptosis among CPT-exposed cells. Stable Hades-knockdown MCF7 cells were exposed to 1 mM CPT for 24 h, stained with propidium iodide, and analyzed by FACS to measure the sub-G0 fraction. (g) siRNA-induced knockdown of Hades promotes CPT-induced mitochondrial damage in a p53-dependent manner.
HCT116 p53
þ / þ and HCT116 p53 À/À cells were transfected with 40 nM Hades siRNA or control siRNA, incubated for 24 h, exposed to 1 mM CPT for 24 h, stained with JC-1 for 30 min, and analyzed by flow cytometry. Error bars represent the means (S.E.M.) of at least three independent experiments intracellular level of p53 was accumulated following CPT treatment in MCF7 cells, and this effect was attenuated by Hades expression (Figure 5c, upper panel) . Analysis of the subcellular fractions revealed that, under normal conditions and in the presence of CPT, Hades also reduced the cytoplasmic level of p53 (Figure 5c, lower panel) . Moreover, the interaction between p53 and Bcl-2 upon CPT treatment was inhibited by Hades through its ubiquitin ligase activity (Figure 5d ). Hades also inhibited the CPT-induced apoptosis (Supplementary Figure 5c) . These results were confirmed by examining MCF7 cells transfected with Hades-specific shRNA. Coimmunoprecipitation followed by immunoblot analysis revealed that CPT treatment elicited a greater increase in the level of p53-Bcl-2 complexes in stable Hades knockdown MCF7 cells than in control cells (Figure 5e, lane 3  versus 4) . Furthermore, CPT treatment induced a considerable increase in the p53 level and mitochondrial cytochrome c release in the absence of Hades (Figure 5e , lower panel). The negative role of Hades in p53-dependent apoptosis was further supported by results from FACS analysis. More specifically, Hades-knockdown MCF7 cells exhibited a higher percentage of apoptotic cells in the sub-G0 population after CPT treatment than in control cells (Figure 5f ). Moreover, JC-1 staining in HCT116 p53
þ / þ and HCT116 p53 À/À cells at 48 h after transfection with Hades or control siRNA showed that CPT induced a detectable loss of mitochondrial membrane potential in the presence of p53 but not in its absence (Figure 5g ). Taken together, our data show that Hades inhibits the exonuclear tumor suppressor function of p53 through ubiquitination and subsequent proteasomal degradation of p53.
Discussion
Here, we have identified Hades (UniProtKB accession number Q969V5) as a p53-interacting protein that acts as an E3 ligase for exonuclear p53 and degrades it through the ubiquitin-dependent pathway. Although our study has focused on the functional communications between Hades and p53, other groups have identified Hades as MULAN/MAPL, a mitochondrial protein with a RING-finger domain (Figure 1c ) that SUMOylates dynamin-related protein 1 to regulate mitochondrial dynamics. [27] [28] [29] As the ubiquitin ligase activity of Hades is critical for its own stability, the ectopic expression of wild-type Hades was lower than that of Hades RING mutant (Figure 2b) . The RING domain-deleted mutant form of MULAN was shown to have robust expression in mitochondria, also supporting our observations. 27 Our study demonstrates that Hades has a novel function in modulating p53. Immunofluorescence analysis showed that Hades is colocalized with p53 outside of the nucleus (Figure 1g) . Furthermore, we showed that ectopic expression of Hades causes degradation of cytoplasmic p53 (Figure 5c , lower panel). These observations are consistent with the hypothesis that ubiquitination of cytoplasmic p53 by Hades is responsible for reducing the p53 level in cytoplasmic and mitochondrial compartments.
Interestingly, we observed that mutant Hades lacking the signal peptide and TM domain (GFP-DSP-TM Hades) still induces the p53 degradation in 293T cells (Supplementary   Figure 6a) . Also, we showed that the RING-finger domain (RP) of Hades can bind to wild-type p53 as well as ubiquitinate it in vitro (Figures 3d and g, and Supplementary Figures 3b  and c) . These observations suggest that the subcellular localization of Hades is not critical for the degradation of p53.
Although several E3 ligases, including Mdm2, have been reported to target p53, 22, 23, 30 we believe that Hades and Mdm2 use distinct mechanisms for the following reasons. First, Mdm2 reduces the nuclear p53 level, 31 whereas Hades reduces the cytoplasmic p53 level (Figure 5c , lower panel) and ubiquitinates this tumor suppressor in an Mdm2-independent manner (Figure 3e) . Also, Hades inhibits p53 function in Mdm2 null cells (Supplementary Figures 4c and b) . Second, ubiquitination by Hades, but not Mdm2, is dependent on lysine 24 residue in p53 (Figure 3g and Supplementary  Figure 3e) . Third, Hades does not participate in a negative feedback loop. More specifically, neither H 2 O 2 treatment nor ectopic expression of p53 affected the transcriptional expression of Hades (Supplementary Figures 6b and c) . It is important to mention that several candidate E3 ligases that target p53, including ARF-bp1 and p300, 32, 33 have been reported to be E3 ligases under normal conditions. Therefore, we cannot rule out the possibility that the other E3 ligase pathways may also contribute to Hades-mediated p53 modulation.
Therefore, our data point to a role for Hades in regulating the exonuclear function of p53. Hades inhibited the tumour suppressor function of mitochondrial p53 and interfered with the interaction between p53 and Bcl-2 ( Figure 5b ). Our data indicate that Hades attenuates CPT-induced accumulation of p53 (Figure 5c ) and the interaction between p53 and Bcl-2 ( Figure 5d ). A previous report has shown that the interaction of p53 with Bcl-2 protein and the subsequent loss of mitochondrial membrane potential are hallmarks of the transcriptionindependent cell death activated by p53. 14 We found that Hades knockdown resulted in mitochondrial cytochrome c release upon CPT exposure (Figure 5e ) as well as loss of mitochondrial membrane potential in HCT116 p53 þ / þ cells, but not in HCT116 p53
À/À cells (Figure 5g ). Consistent with these findings, CPT treatment led to a greater increase in apoptotic cells in stable Hades knockdown MCF7 cells than in control cells (Figure 5f ). Although the defined biochemical pathway underlying p53-induced, transcription-independent cell death remains elusive, our data indicate that Hades can prevent CPT-induced cell death by inducing ubiquitin-dependent proteasome-mediated degradation of p53. This result supports the idea that Hades negatively regulates the exonuclear function of p53.
In conclusion, our study suggests that Hades is an E3 ligase that acts on the tumour suppressor p53. This is the first evidence of Hades-mediated regulation of cytoplasmic and exonuclear p53 function. Hades has a unique role in the exonuclear p53 pathway, acting as a novel regulator of p53-dependent mitochondrial cell death. Thus, the physiological significance of Hades warrants further investigation. . pET28b-p53 and p53K24R were amplified by PCR using HA-p53 or HA K24R p53 as templates and subcloned into pET28b vector (pET28b-p53 and p53K24R mutants, forward: 5 0 -CGCGGATCCGATGGAGGAGCCGCAG-3 0 , reverse: 5 0 -CGCGGATCCCGGTCTGAGTCAGGCCC-3 0 ). p53 K24R mutant was generated by point mutagenesis PCR using pcDNA p53-FLAG (forward: Cell culture and transfection. MCF7, H1299, A549, U2OS, and HeLa cells were purchased from the Korean Cell Line Bank (Korea). MEF p53 À/À and MEF p53
À/À cells were kind gifts from Dr. Wei Gu (Columbia University, USA). MCF10A cells were kind gift from Dr. Sujae Lee (Hanyang Unversity, Korea). Stable pSuper-Hades MCF7 cells were maintained in DMEM supplemented with 10% fetal bovine serum and 500 mg/ml G418 (neomycin). siRNA for Hades and mock siRNA were obtained from Ambion (Austin, TX, USA) and had the following sequences: Hades siRNAs, 5 0 -GGGAUUUUUAUCUCGAGGC-3 0 and 5 0 -CGUGUGUGUAGA GGACAAA-3 0 ; mock siRNA, 5 0 -AUGAACGUGAAUUGCUCAAG-3 0 .
Antibodies and reagents. Mouse monoclonal antibodies against p53, tubulin, Bcl-2, HA, Puma, Bax, and ubiquitin; goat polyclonal antibodies against lamin; anti-goat IgG-HRP; normal mouse IgG; anti-mouse IgG-Texas Red; and protein A agarose and protein G agarose were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit polyclonal antibody against Hades was generated using the peptide sequences N-SGERPKGIQETEEM-C and N-SRAKPEDRESL KSAC-C. Anti-b-actin antibody and anti-FLAG antibody were from Sigma (St. S-methionine (Perkin Elmer, Waltham, MA, USA). When a protein pool was confirmed positive in the in vitro binding assay, the corresponding cDNA pool was subdivided and re-examined in the same manner until a single positive cDNA clone was isolated. Positive clones were sequenced (Bionics, Seoul, Korea) and compared with known sequences by searching the NCBI gene databases.
Ubiquitination assays. For in vitro p53 ubiquitination assays, 1 ml of in vitro translated, 35 S-labelled protein was incubated for 2 h at 301C in 20 ml ubiquitination buffer (25 mM Tris-HCl, pH 7.5; 1 mM DTT; 2 mM ATP; 0.06% NP40; 5 mM MgCl 2 ; and 15 mM ZnCl 2 ) containing 1 mg of the indicated E3 ligase, 150 ng purified E1, 150 ng E2 enzymes, and 10 mg ubiquitin. The reaction products were analyzed by SDS-PAGE, followed by autoradiography or immunoblotting. For endogenous p53 ubiquitination assays, MCF7 cells were harvested, resuspended in ubiquitination buffer, briefly sonicated and centrifuged. Equal amounts of the supernatants were incubated with GST, GST-Hades, or GST-Hades MT for 2 h at 30 1C, and anti-p53 or anti-ubiquitin immunoprecipitates were analyzed by immunoblotting. For p53 ubiquitination assays in MEF p53
À/À cells, lysates were obtained after cells had been transfected with pcDNA myc/His-p53 expression plasmid for 48 h, and reactions were conducted as described above. Reaction products were subjected to immunoprecipitation with anti-p53 antibody or pulled down with Ni þ -conjugated beads and then analyzed by immunoblotting. For in vivo p53 ubiquitination assays, HCT116 p53 À/À or H1299 cells were transfected with GFP, GFP-Hades, or GFP-Hades RING MT for 48 h and treated with 10 mM MG132 for 4 h. Cells were lysed in SDS-containing lysis buffer and were boiled for 10 min, then diluted 10 times with NP40 lysis buffer for immunoprecipitation with anti-p53 antibody. Anti-p53 immunoprecipitates were then analyzed by immunoblotting using anti-polyubiquitin antibody.
Purification of recombinant proteins. Expression of GST-fused recombinant p53, Hades (WT, FL, RP, and RP MT), and Mdm2 proteins was induced by treating BL21 cells with 0.1 mM IPTG for 2 h at 371C or overnight at 251C. Cells were sonicated in bacterial lysis buffer (30 mM Tris-HCl, pH 8; 100 mM NaCl; 0.1 mM EDTA; 1 mM DTT; and 1% NP40), and proteins were purified using glutathione-Sepharose (Amersham Bioscience). Expression of His-tagging p53 and p53 (K24R) mutant was induced by treating BL21 cells with 0.1 mM IPTG for 4 h at 371C. His-tagging p53 and p53 (mutant) were purified using Ni-NTA beads.
In vitro binding assay. 35 S-labelled proteins obtained by in vitro transcription/ translation were incubated with 5 mg glutathione Sepharose 4B-bound GST, GST-p53, or GST-Hades recombinant proteins for 3 h at 371C in binding buffer (30 mM Tris-HCl, pH 8.0; 0.1 mM EDTA; 0.1 mM NaCl; 1 mM DTT; 1% NP-40; 0.5 mM PMSF), washed five times, and boiled in SDS-sample buffer (60 mM Tris-HCl, pH 6.8; 25% glycerol; 2% SDS; 14 mM 2-mercaptoethanol; 0.1% bromophenol blue). The bound proteins were separated by SDS-PAGE and visualized by autoradiography.
Immunofluorescence assay. Transfected cells grown on glass coverslips were fixed with 4% paraformaldehyde for 5 min at room temperature, washed twice with PBS, and then incubated in permeabilization buffer (0.5% Triton X-100 in PBS) for 3 min. Cells were blocked with 5% BSA and 2% goat serum in PBS for 30 min, incubated with anti-p53 antibody (1:200 in PBS) overnight at 4 1C, washed three times with PBS, and incubated with fluorescein Texas red-labelled secondary antibodies (1:500 in PBS) for 1 h. Coverslips were inverted, mounted on slides with Vectashield (Vector Laboratories, Burlingame, CA, USA), and fixed with nail polish. Fluorescence was monitored using a confocal laser-scanning microscope (FV-1000 spectral, Olympus, Tokyo, Japan).
